showed the DFM product enhanced manure fermentation in pigs fed high-fiber diets, suggesting it could enhance decomposition of swine manure and thus reduce noxious gaseous emission release from swine facilities (Davis et al., 2008; Jaworski et al., 2014) . Ranganathan et al. (2010) reported that diets containing DFM could influence blood creatinine and blood urea nitrogen (BuN), which are related to nutrient digestibility (Kohn et al., 2005) . Furthermore, previous reports suggested Bacillus spp. DFM was efficacious on the performance of nonruminants when fed at 10 5 cfu/g of feed (Mountzouris et al., 2010; Zhang et al., 2012 Zhang et al., , 2013 Baker et al., 2013) . However, little is known about their effects on gut health in nursery pigs. The current study extended the evaluation of the aforementioned 3-strain DFM product on growth performance, nutrient digestibility, blood profile, and gut health in nursery pigs.
mATeRiALS ANd meTHodS

Animal Care Declaration
The experimental protocols describing the management and care of animals were reviewed and approved by the Animal Care and Use Committee of Dankook University (Cheonan, South Korea).
Preparation of Direct-Fed Microbial
The DFM product (Danisco Animal Nutrition, Marlborough, Wiltshire, UK) was based on 1 strain of Bacillus subtilis and 2 strains of Bacillus amyloliquefaciens in equal proportions. The product was formulated to provide 1.5 × 10 5 cfu spores per gram of feed, and limestone and maltodextrin were the carriers.
Animals, Housing, and Diets
A total of 128 nursery pigs (24 d of age; 6.8 ± 0.6 kg) were used. The piglets ([Yorkshire × Landrace] × Duroc) were from Dankook University sow herd. Based on their weaning BW, the piglets were assigned to pens: 2 barrows and 2 gilts per pen. Pigs were allotted to experimental diets in a completely randomized block design to give 16 replications per diet. Dietary treatments were a basal corn and soybean meal-based diet (control) and a control diet + 1.5 × 10 5 cfu DFM/g of complete feed. The diets were formulated for a 2-phase feeding program: phase I, 1 to 14 d after weaning, and phase II, 15 to 42 d after weaning, corresponding to NRC (2012; Table 1) nutrient specifications for pigs weighing 7 to 11 and 11 to 25 kg BW, respectively. All pigs were housed in an environmentally controlled room with slatted plastic flooring and a mechanical ventilation system. The room temperature was maintained at approximately 30°C for the first week of the experiment, after which it was reduced by 1°C per week over the next 5 wk. Each pen was equipped with a stainless steel self-feeder and a nipple drinker to provide ad libitum access to feed and water throughout the experimental period.
Experimental Procedures and Sampling
Feed intake and BW were monitored for calculation of ADG, ADFI, and G:F. At the end of each phase (d 14 and 42), fresh fecal samples were collected for apparent total tract digestibility (ATTd) of DM, N, and GE. Before collection day, pigs were fed diets mixed with 0.2% chromic oxide in the preceding 7 d (Fenton and Fenton, 1979) . Fresh fecal samples were collected from each piglet by rectal massage, and fecal samples from each pen were pooled and stored at -20°C until the analysis. Additional fresh fecal samples (8 samples per treatment) were used for analysis of fecal gas emission. On d 14 and 42, 12 nursery pigs were randomly selected from each treatment. Blood samples were collected from pigs via anterior vena cava puncture into heparinized tubes (5 mL) for BUN concentration analysis and into non-heparinized tubes (5 mL) for blood creatinine concentration analysis. Blood samples were allowed to rest at room temperature for a few min and centrifuged at 1,500 × g at 4°C for 20 min to get serum and then frozen at -20°C until analysis for BUN and creatinine. At the end of the experiment, 12 piglets randomly selected from each treatment were slaughtered, and one 1-cm segment of the duodenum (10 cm distal to the pylorus), jejunum (middle of the small intestine), and ileum (5 cm proximal to the end of the small intestine) were collected immediately after slaughter. Intestine segment samples were rinsed with ice-cold saline and fixed in 10% formalin, replaced after 48 h, and stored at room temperature (24°C) until fixation in wax blocks.
Laboratory Analysis
Fecal samples were dried at 70°C for 72 h and, along with feed samples, were finely ground to pass through a 1-mm screen. All samples were analyzed for DM (method 934.01; AOAC, 2000) , N (method 968.06; AOAC, 2000) by an N analyzer (Kjectec 2300 N Analyzer; Foss Tecator AB, Höganäs, Sweden), and GE by an oxygen bomb calorimeter (Parr Instrument Co., Moline, IL). The basal diets were also analyzed for fiber (method 985.29; AOAC, 1990) and fat (method 960.39; AOAC, 1990) . Chromium was analyzed via UV absorption spectrophotometry (Shimadzu UV-1201; Shimadzu, Kyoto, Japan) following the method described by Williams et al. (1962) .
For determination of fecal gas emission, fresh excreta samples (300 g) in duplicate were stored in 2.6-L sealed plastic boxes. A small hole was cut in the middle of one side wall of each box and was sealed by adhesive plaster. The samples sealed in boxes were fermented for 24 h at room temperature (24°C). After the fermentation period, a Gastec (model GV-100) gas sampling pump was used for gas detection (Gastec detector tube numbers 3M and 3La for ammonia, numbers 4LL and 4LK for hydrogen sulfide, and numbers 70 and 70L for total mercaptan; Gastec Corp., Kanagawa, Japan). The excreta samples were manually shaken for approximately 30 s to disrupt any crust formation on the surface of the slurry sample and to homogenize them. The adhesive plasters were punctured and 100 mL of headspace air was sampled approximately 2.0 cm above the excreta surface (Zhao et al., 2013) . The air sampling was obtained on d 5. The average of 2 technical replicates was conducted.
Blood urea N concentration was analyzed using the Abbott Spectrum Urea N test (Series II; Abbott Laboratories, Dallas, TX), and blood creatinine concentration was determined using an Astra-8 Analyzer (Beckman Instruments, Inc., Brea, CA; Mohana Devi et al., 2014). Cross-sections of intestinal samples from formalin-preserved segments were prepared using standard paraffin embedding techniques and were cut approximately 6 μm thick with a microtome and stained with azur A and eosin. The stained sections were observed for villus length at 100x magnification by a light microscope (CH30; Olympus, Tokyo, Japan) using a calibrated ocular micrometer. Villus length was measured from the crypt mouth to the villus tip at 10 picometer increments.
Calculations and Statistical Analysis
The ATTD was calculated using the following formula: ATTD (%) = {1 -[(Nf × Cd)/(Nd × Cf)]} × 100, in which Nf = nutrient concentration in feces (% DM), Cd = chromium concentration in diet (% DM), Nd = nutrient concentration in diet (% DM), and Cf = chromium concentration in feces (% DM; Stein et al., 2006) .
All data were subjected to statistical analysis using the mixed model procedure (SAS Inst. Inc., Cary, NC). Data on growth performance and nutrient digestibility were based on a pen basis, and data on blood profiles, intestinal histomorphology, and fecal noxious gas emission were based on individual pigs. Variability in the data was expressed as SEM, and P < 0.05 was considered statistically significant and a trend was set at P-values between 0.05 and 0.10.
ReSuLTS
Growth Performance
On d 14 and 42, BW of piglets was 11.22 and 11.32 (SEM 0.165; P = 0.049) and 24.36 and 24.66 kg (SEM 0.235; P = 0.051), respectively, for the control and DFM diets. In phase I, ADG was greater (P < 0.05) and G:F had a tendency to be greater (P = 0.092) in pigs fed DFM compared with pigs fed the non-supplemented diet (Table 2) . However, growth performance was not affected by dietary treatments in phase II. Overall (d 0-42), G:F was greater (P < 0.05) and ADG had a tendency to be greater (P = 0.055) in pigs fed the DFM diet than in those fed the nonsupplemented diet.
Apparent Total Tract Nutrient Digestibility
In phase I, pigs fed the DFM diet tended to have a greater (P = 0.074) ATTD of DM than those fed the control diet (Table 3) . Otherwise, ATTD of N and GE did not differ between the control and DFM-fed pigs. In phase II, the ATTD of N was greater (P < 0.05) in pigs fed the DFM diet compared with those fed the nonsupplemented diet. However, there was no significant difference in the other measured digestibility responses.
Blood Profiles
In phase I, pigs fed the DFM diet had a lower (P < 0.05) BUN concentration compared with the control group (Table 4) . However, no significance difference was observed in blood creatinine concentration between treatments. The concentration of BUN and blood creatinine was not affected by the dietary treatments in phase II.
Intestinal Histomorphology and Fecal Gas Emission
The villus height was greater (P < 0.05) in the duodenum and jejunum of the pigs fed the DFM diet compared with the control group (Table 5) . In phase I, fecal ammonia concentration was lower (P < 0.05) in pigs fed the DFM diet compared with the control group (Table 5) . Hydrogen sulfide content tended to be lower (P = 0.068) in pigs fed the DFM diet compared with the control group. Total mercaptan concentration was not affected by dietary treatments and neither were all measured gas emissions in phase II.
diScuSSioN
Overall, G:F and ADG were increased or had a tendency to be enhanced by supplemental DFM, which is in agreement with the studies of Walsh et al. (2007 Walsh et al. ( , 2012 and Davis et al. (2007) . Similar results have been seen in broiler chicks, which showed that birds fed 10 or 20 g/kg B. subtilis diets had a greater G:F than those fed the control diet (Santoso et al., 1995) . Efficiency of protein utilization in weaned pigs is critical to their optimal growth (NRC, 2012) . Furthermore, N loss is one of the major environmental problems in the livestock industry (NRC, 2003) . Pigs receiving DFM diets showed a greater ATTD of N, in agreement with Meng et al. (2010) , which demonstrated that N digestibility was improved by supplemental DFM. The improved growth performance and N digestibility of piglets fed DFM may be attributed to a number of mechanisms. First, the growth performance may be related to nutrient utilization as demonstrated by greater ATTD of N and lower BUN in piglets fed DFM. Blood urea N, a metabolic product of protein metabolism, is produced in the liver and its concentration can to predict protein status in animals and is related to efficiency of protein utilization (Kirkpatrick et al., 1975; Kohn et al., 2005) . A human study from Ranganathan et al. (2010) reported that dietary probiotics (9 × 10 10 cfu/d) could reduce BUN in patients compared with the control group, which is in agreement with this study. Second, pigs fed diets containing DFM had a greater intestinal villus height, which may suggest improved digestive and absorptive capabilities (Pluske et al., 1997) . Third, metabolites (e.g., antibiotics, α-amylase, and phytase) from Bacillus spp. can enhance nutrient digestibility (Welker and Campbell, 1967; Palva, 1982; Kim et al., 1999; Park et al., 2003; Stein, 2005) . Fourth, DFM modulate the gut microbiome balance, which may positively influence animal health (Guo et al., 2006; Gaggìa et al., 2010) . Gut morphology and function are significantly changed after weaning because of the change of diets and living environment, which could lead to enteric diseases in nursery pigs (Pluske et al., 1997) . Furthermore, renewal of the intestinal epithelium is a consequence of a dynamic equilibrium between production of enterocytes in the crypt and desquamation in the villi (Pluske et al., 1997) . Therefore, intestinal histomorphology is a useful criterion for assessing intestinal health and function (Kiarie et al., 2012 (Kiarie et al., , 2013 . In this study, piglets fed the DFM diet had longer villi than the control group, which may be explained by the improved growth performance and digestibility of the present study. However, Choi et al. (2011) and Walsh et al. (2007) showed that duodenal villus height was not affected by a DFM (multi-microbe) diet in nursery pigs compared with the control group. Bhandari et al. (2008) also reported no effect of a B. subtilis DFM on intestinal villus height in nursery pigs. However, in the study, the DFM was evaluated within the context of experimental challenge with enterotoxigenic Escherichia coli. The inconsistency may be attributed to the strains of DFM and the health status of the piglets.
Dietary DFM was successful at reducing the fecal ammonia concentration by 19.66% in early phase of nursery stage. Similarly, Zhang et al. (2013) reported that B. subtilis reduced excreta ammonia emission by 26.9% in broilers compared with the control group. The reduced fecal ammonia content may be related to the increased tendency of DM digestibility and decreased BUN concentration observed at the first phase of the present study, indicating a greater biological utilization of nutrients resulting in less substrate for the microbial fermentation (Ferket et al., 2002; Kohn et al., 2005; Davis et al., 2007) . There are several remedies available to aid in handling, processing, and management of swine waste that are mostly targeted toward alleviating odorous compounds and decreasing N loss through the volatilization of ammonia. These approaches include dietary alterations to reduce or alter N excretion in urine and feces, gastrointestinal microbial manipulation to decrease excretion of malodorous compounds, feed additives to alter manure pH and ammonia losses, and pit additives to enhance manure breakdown, which reduced ammonia emission by 28 to 79% (Sutton et al., 1999) . Most of these approaches fail to address the primary problem of inadequate microbial decomposition of manure, and microbial pit additives are difficult to administer such that the effective microorganisms are consistently distributed within manure storage facilities. This study extends previous observations that administration of a DFM additive to diets of nursery pigs is an effective means of reducing odorous ammonia release from the manure (Davis et al., 2008) . However, fecal ammonia concentration failed to be affected by DFM diets in the phase II, which may be caused by the dosage of DFM. It is suggested that the higher dosage of DFM should be applied in the later stage of the pig cycle.
In conclusion, the present data showed that diets containing the multi-strain DFM may improve growth performance and intestinal villi height in nursery pigs. The results also showed that administration of a DFM additive to swine diets was an effective means of reducing odorous ammonia release from the manure during the first 14 d after weaning. Furthermore, better ATTD of N and reduced BUN were indicative of improved protein utilization. More studies on application of a multi-strain Bacillus spp.-based DFM could focus on the exact mechanisms in conditions commensurate to commercial facilities to fully understand the impact on gut health and performance. 
